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ABSTRACT
Jet opening angles of long gamma-ray bursts (lGRBs) appear to evolve in cosmic time, with
lGRBs at higher redshifts being on averagemore narrowly beamed than those at lower redshifts.
We examine the nature of this anti-correlation in the context of collimation by the progenitor
stellar envelope. First, we show that the data indicate a strong correlation between gamma-ray
luminosity and jet opening angle, and suggest this is a natural selection effect - only the
most luminous GRBs are able to successfully launch jets with large opening angles. Then,
by considering progenitor properties expected to evolve through cosmic time, we show that
denser stars lead to more collimated jets, and argue that the observed anti-correlation between
opening angle and redshift can be accounted for if lGRB massive star progenitors at high
redshifts have higher average density compared to those at lower redshifts. This may be viable
for an evolving IMF, and under the assumption that average density scales directly with mass,
this relationship is consistent with the form of the IMF characteristic mass evolution suggested
in the literature. The jet angle-redshift anti-correlation may also be explained if the lGRB
progenitor population is dominated by massive stars at high redshift, while lower redshift
lGRBs allow for a greater diversity of progenitor systems. Overall, however, we find both the
jet angle-redshift anti-correlation and jet angle-luminosity correlation are consistent with the
conditions of jet launch through, and collimation by, the envelope of a massive star progenitor.
Key words: stars(general)–gamma-ray bursts; cosmology
1 INTRODUCTION
Although we have learned much about gamma-ray bursts (GRBs)
over the last 20 years, there are still a number of open questions
related to the nature of their underlying progenitor systems. It is
well established that they are associated with the deaths of mas-
sive stars and/or merging binary systems (for reviews summarizing
the arguments and evidence for this, see Piran (2004); Zhang &
Mészáros (2004); Mészáros (2006); Lee & Ramirez-Ruiz (2007);
Gehrels et al. (2009); Berger (2014); D’Avanzo (2015); Levan et al.
(2016)). However, it is also clear that very special conditions are
required to successfully launch a GRB jet. These conditions dis-
till down to the inner engine having enough angular momentum
and power to launch a relativistic jet that can propagate through a
surrounding hydrogen-stripped envelope.
There are many proposed systems capable of producing a GRB
and in reality, probably several (or all) of these systems contribute
? Contact e-mail: lloyd-ronning@lanl.gov
to the total GRB population. Levan et al. (2016) summarize dif-
ferent progenitor systems for lGRBs, including various single star
and binary formation channels, the rates of these different formation
channels, and other important considerations (e.g. host galaxy prop-
erties, etc.). Signatures of specific progenitor systems, like locations
in their host galaxies (Bloom et al. 2002; Fong et al. 2010; Fong &
Berger 2013; Lyman et al. 2017), or coincident emission associated
with a supernova (Galama et al. 1998; Hjorth et al. 2003;Woosley&
Bloom 2006; Hjorth &Bloom 2012), kilonova (Metzger et al. 2010;
Tanvir et al. 2013; Troja et al. 2018), or the presence of gravitational
wave emission (Abbott et al. 2017) can potentially help distinguish
among progenitor systems for both long and short GRBs. In addi-
tion, there are many correlations present among observed and fitted
GRB variables (e.g. see the recent review by Dainotti et al. (2018)),
which may help to elucidate the underlying progenitor.
In this paper, we consider how different progenitor systems
connect to GRB observables over cosmic time. We are motivated
by the results of Lloyd-Ronning et al. (2019b)who found that certain
intrinsic long gamma-ray burst (lGRB) properties appear to evolve
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2with redshift, even when accounting for Malmquist-type biases and
selection effects in the observed data. This and previous studies
(Lloyd-Ronning et al. 2002; Wei & Gao 2003; Yonetoku et al.
2004; Kocevski & Liang 2006; Yu et al. 2015; Petrosian et al. 2015;
Deng et al. 2016; Tsvetkova et al. 2017; Xue et al. 2019) have
shown that isotropic energy and luminosity evolve as a function of
redshift, with lGRBs being brighter at higher redshifts even when
accounting for selection effects that favor detecting more luminous
bursts at high redshifts. However, in the hundred or so bursts where
jet opening angle estimates are available and for which one can
compute beaming angle corrected (i.e. actual emitted) gamma-ray
energy and luminosity, Lloyd-Ronning et al. (2019b) found these
variables (i.e. gamma-ray luminosity and emitted energy) are not
correlated with redshift. This suggests that jet opening angle is, and
indeed they found a significant (5σ) anti-correlation between jet
opening angle and redshift. This relationship between jet angle and
redshift was suggested in Lloyd-Ronning et al. (2002) (e.g. see their
section 5.1.2), and observational evidence for this anti-correlation
has also been put forth by Lü et al. (2012) and Laskar et al. (2014,
2018a,b).
If this apparent anti-correlation - with higher redshift lGRBs
more narrowly beamed than lower redshift lGRBS - is true, its
underlying cause is not clear. Beaming angle evolution over cosmic
time could be a reflection of the evolution of any number of
properties or processes that affect the lGRB jet - for example, the
average stellar density profile, the spin and magnetic field geometry
of the central engine, etc. This correlation can also be affected by
the degree of sideways spreading of the jet when it breaks free of
the star, as well as inherent and observational selection effects.
Our goal in this paper is to understand the beaming angle
evolution in the context of collimation by the stellar envelope, and
how it relates to lGRB progenitor properties. Our paper is orga-
nized as follows. In §2, we summarize the general properties of
different GRB progenitor models. In §3, we examine the luminosity
requirements both for launching a successful jet and for collima-
tion by the stellar envelope. We show there is a strong correlation
between emitted gamma-ray luminosity and jet opening angle, and
suggest this is a natural selection effect where only the more lumi-
nous lGRBs can launch wider opening angle jets. In §4, we discuss
collimation of the jet by a massive star envelope and how evolution
of certain intrinsic properties such as mass and metallicity can lead
to the evolution of the jet opening angle. In particular, we show that
the beaming angle-redshift anti-correlation can be explained if high
redshift lGRB progenitors are denser compared to those at lower
redshift, which may be expected for an evolving IMF. In §5, we
present a summary and our conclusions.
2 PROGENITOR MODELS
As mentioned in the introduction, there are several general require-
ments that appear necessary to produce a successful relativistic
GRB jet. These include: 1) enough mass and angular momentum
in the system to sustain an accretion disk and launch a jet, 2) no
hydrogen envelope; this is based on both theory (the requirement
that the jet is able to breakout from the system’s envelope) and
observations of Type Ic supernova associated with lGRBs, and 3)
significant magnetic flux (along with angular momentum) to launch
a jet (assuming a magnetically launched jet as in the Blandford-
Znajek framework (Blandford & Znajek 1977). See, e.g., Barkov
& Komissarov (2008); Komissarov & Barkov (2009); Barkov &
Komissarov (2010); Lloyd-Ronning et al. (2019a) for a consid-
eration of these conditions for lGRB systems). We discuss these
requirements briefly and generally in the context of several of lGRB
progenitor systems.
2.1 Single Massive Star Progenitors
A number of studies have shown the viability of a massive star pro-
genitor for lGRBs from a theoretical point of view (e.g., Woosley
(1993); MacFadyen & Woosley (1999); Woosley & Heger (2006);
Kumar et al. (2008a,b), and recently Obergaulinger &Aloy (2019)).
In addition, there is strong observational evidence, both through
supernova associations (see, e.g. Hjorth & Bloom (2012)) and lo-
cations in star forming regions in their host galaxies (Bloom et al.
2002; Lyman et al. 2017) that lGRBs are associated with the deaths
of massive stars. [We note there are two examples (GRB060505
and GRB060614, which lie in the in-between ground of lGRB and
sGRB in terms of duration) that do not have associated SNe to deep
limits (Della Valle et al. 2006; Fynbo et al. 2006; Gal-Yam et al.
2006; Gehrels et al. 2006)].
How a collapsing star loses its hydrogen envelope and retains
the angular momentum to sustain a disk and launch a jet is a compli-
cated question. Stars with higher metallicity are particularly prob-
lematic because the associated mass loss carries angular momen-
tum. Lower metallicity stars may be more viable candidates, since
mass loss goes roughly as Z0.7−0.8, where Z is metallicity (Vink
et al. 2001; Vink & de Koter 2005). If one has a low metallicity star,
therefore, one might expect the necessary angular momentum can
be retained, and indeed this is one of the motivations behind con-
sidering Population III stars as GRB progenitors (Bromm & Loeb
2006; Suwa & Ioka 2011; Yoon et al. 2012). However, other factors
such as torques from magnetic fields and/or other coupling between
the elemental layers of stars can cause a loss of the necessary angu-
lar momentum. Chemically homogeneous evolution helps mitigate
the latter effect. This is addressed in Woosley & Heger (2006), who
assert about 1% of stars can achieve the conditions needed to retain
enough angular momentum to launch a GRB (keep in mind that
their models are one dimensional and asymmetric mass loss may
help, allowing for less angular momentum loss). However, this pro-
cess needs to occur during the early stages of a star and - again - is
more efficient for lower metallicity stars (further discussion of these
issues can also be found in section 5.2 of Levan et al. (2016)).
Although massive stars can span a range of mass and metal-
licities, and can meet the energy and timescale requirements for a
lGRB, the difficulties associated with retaining enough angular mo-
mentum are one of the motivations for considering binary formation
channels for lGRBs.
2.2 Binary Formation Channels
Binary systems are thought to make up at least half of the
massive stars (Kobulnicky et al. 2014). As with single massive star
progenitors, binary lGRB progenitors need to strip the hydrogen
envelope and retain enough mass and angular momentum to
allow for GRB jet launch. The advantage to binary progenitors
is that the conditions of hydrogen envelope stripping and high
angular momentum are in principle readily met, due to the
interaction with the companion star (Belczynski et al. 2002; Fryer
& Heger 2005; Kinugawa & Asano 2017; Davies et al. 2007;
Barkov&Komissarov 2010; deMink et al. 2013; Levan et al. 2016).
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Viable binary progenitors for lGRBs include:
– Helium Mergers (Fryer & Woosley 1998; Zhang & Fryer 2001;
Fryer et al. 2013). In this model, a compact object merges with
the helium core of an evolved companion. In the process, the
hydrogen envelope is ejected and the compact object is spun up so
that the conditions for launching an lGRB jet are met. This model
can achieve the necessary energetics and timescales to be a viable
lGRB progenitor.
– CO core mergers. A related model is the so-called binary-driven
hypernova involving accretion induced collapse (for a recent
summary of this model see (Rueda et al. 2019)). In this scenario,
a carbon-oxygen core undergoes a supernova which causes rapid
accretion onto a neutron star companion. Similar to the He-merger
model, it can achieve the conditions required to launch a relativistic
GRB jet.
– White Dwarf-Black Hole/NS binaries (King et al. 2007). In this
model, a white dwarf merges with a black hole or neutron star
companion and can produce a long gamma-ray burst, in some cases
without an accompanying supernova.
– Micro-TDEs (Perets et al. 2016). In this model a neutron star or
black hole tidally disrupts a star, leading to a debris disk around the
compact object that can launch a relativistic jet. This model was
initially proposed to explain ultra-long GRBs, but may contribute
to the standard lGRB population.
Other binary systems not considered here (e.g. Cantiello et al.
(2007); Callingham et al. (2019)) may also contribute the the lGRB
population. Because of the vast array of binary systems, their for-
mation channels and subsequent evolution, they may span a range of
masses/energies, metallicities, angular momenta, and have a range
of different ambient environments. We note that some simulations
(e.g. Yoon et al. (2010)) of binary progenitors for lGRBs - partic-
ularly those able to produce Type Ic SNe - find in fact not enough
angular momentum is retained to launch an lGRB. As with mas-
sive star progenitors, however, lower metallicity conditions in these
systems may help (Kinugawa & Asano 2017), as well as a stage of
chemically homogeneous evolution (e.g. see the recent discussion
in Chrimes et al. (2019)).
2.3 Expected Cosmological Evolution Of GRB Intrinsic and
Environmental Properties
The primary properties of lGRB progenitors expected to evolve
through cosmic time are stellar mass and metallicity (which are of
course themselves related). Metallicity evolves with redshift (i.e.
Vink et al. (2001); Vink & de Koter (2005)) as stars in the early
universe have not had the time to synthesize a large amount of met-
als. A star’s metallicity can affect its mass, spin, and stellar density
profile. For example, the distribution of zero-age main sequence
stellar masses is expected to evolve over cosmic time largely as a
result of lower metallicity conditions allowingmore massive stars to
form (Kroupa 2019). Evidence for the evolution of this initial mass
function (IMF) has been suggested by a number of authors (e.g.
van Dokkum & van der Marel (2007); Davé (2008); Wang & Dai
(2011); Marks et al. (2012) and more recently Leja et al. (2019)).
Overall stellar mass can affect the lGRB energy budget and - as we
discuss below - the stellar density profile, where more massive stars
may serve to collimate a jet more effectively.
3 LUMINOSITY REQUIREMENTS FOR SUCCESSFUL
JET LAUNCH AND COLLIMATION
It takes a certain amount of power in order for a jet to borough
through a stellar envelope (although there may exist a pre-jet that
evacuates the polar region, easing this requirement, e.g. Burrows
et al. (2007)). A key quantity that needs to be considered is the ratio
of the jet energy density to ambient medium energy density, given
by (Matzner 2003; Bromberg et al. 2011; Hamidani et al. 2019):
L˜ =
ρjηjΓ
2
j
ρaηaΓ
2
a
(1)
where ρ denotes density, η denotes the specific enthalpy and Γ
denotes the Lorentz factor. The subscript j refers to the jet while a
refers to the ambient medium. For a static ambient medium Γa = 1
and ηa = 1.
Given this ratio and the requirement that - as discussed in
(Aloy et al. 2018) - the outflow must be supersonic with respect to
the external medium, there is a requirement on the minimum power
a jet must have to launch successfully (Aloy et al. 2018):
Lj & 1049ergs−1
(
h
2x109cm
) (
θ j
2◦
) (
pa
1.8x1022ergcm−3
)
(2)
where h is the height of the jet, θ j is the jet opening angle, and pa
is the pressure in the ambient medium.
As shown in Matzner (2003); Bromberg et al. (2011), there is
also an upper limit to the luminosity to ensure the jet is collimated
in the stellar envelope. The condition for collimation is given by
(Matzner 2003; Bromberg et al. 2011):
L˜ < θ−4/3o (3)
where θo is the initial jet opening angle. For ηa, Γa = 1, this
condition becomes
L˜ =
ρjηjΓ
2
j
ρa
∼ Lj
Σj ρac3
< θ
−4/3
o (4)
where Σ is the cross sectional area of the jet. Clearly a key parameter
is the stellar density profile, which we expect to go roughly as
ρa ∼ r−3 (Matzner & McKee 1999), and this is indeed borne
out by numerical simulations of massive stars Woosley & Heger
(2006); Mizuta & Aloy (2009). Chemically homogeneous mixing
can affect this profile, however (Woosley & Heger 2006), and it
has been shown that, more generally, massive star density profiles
go as ρ ∝ r−n, with n between about 2 and 3 (Matzner & McKee
1999) out to the radius of the helium envelope, with a sharp drop off
thereafter. The steepness of the drop off is strongly dependent on the
mass loss/metallicity, with low metallicity stars dropping off more
drastically (Woosley & Heger 2006; Mizuta & Aloy 2009; Suwa &
Ioka 2011). Following Bromberg et al. (2011), we write the ambient
density as ρa = ρ(h/R)−α; the parameter ρ = ((3 − α)/4pi)MR−3
is the average stellar density, where M is the mass of the star and R
is the stellar radius.
Then, the condition from equation 4 above can be written as
(Bromberg et al. 2011):
Lj < 1054ergs−1
(
R
R
)−1 ( h
R
)2−α ( θo
10◦
)2/3 ( M
10M
)
(5)
These luminosity conditions for jet launch and collimation
(i.e. equations 2 and 5) are shown in Figure 1 along with the data
(gamma-ray luminosity, Lγ , versus measured jet opening angle;
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4Figure 1. Gamma-ray luminosity vs. jet opening angle. The upper magenta band shows the upper limit to the jet luminosity required to ensure a collimated jet
(Matzner 2003; Bromberg et al. 2011) for extreme ranges of mass and progenitor stellar radii. The fluctuations are due to a random selection of stellar density
profile indices ranging from −3.0 < α < −2.1, where ρ ∝ r−α . The lower blue band is the luminosity needed to launch a jet (Aloy et al. 2018) given a jet
injection radius of ho = 2x109 cm and an ambient pressure of 1.8x1023 erg cm−3, representative of a 35M zero-age main sequence star with enough angular
momentum to launch a GRB (Woosley & Heger 2006; Aloy et al. 2018). The blue band spans a gamma-ray efficiency (converting jet power to radiation) of
0.1% to 10%.
black-cyan dots). The upper pink band shows the collimation condi-
tion (equation 5) - the upper limit to the luminosity for a mass range
and radius range of 0.02R < R < 20R and M < M < 100M .
The fluctuations reflect a random selection of stellar density pro-
file indices ranging from −3.0 < α < −2.1. The lower blue band
shows the minimum luminosity (equation 2) needed to launch a jet
(Aloy et al. 2018) given a jet injection radius of Rj = 2x109cm
and an ambient pressure of 1.8x1023 erg cm−3, representative of a
35M zero-age main sequence star (Woosley & Heger 2006; Aloy
et al. 2018). The band spans a gamma-ray efficiency (converting jet
power to radiation) from 0.1% to 10%.
3.1 On the Observed Correlation between Luminosity and
Jet Opening angle
There is a strong correlation between gamma-ray luminosity and
measured jet opening angle, with a > 5σ statistical significance.
The best fit line to this correlation is Lγ ∝ θ1.5±0.2j . Note that the
data points that fall below the minimum jet luminosity requirement
(blue band in Figure 1) do not necessarily violate the minimum
luminosity requirement - they may simply be indicating a lower
efficiency of conversion from jet power to gamma-ray luminosity
than we have assumed (1%). That is, the emitted luminosity is
only a fraction of the jet energy, Lγ = Lj , and this fraction may
lower than 1% for some lGRBs. It is also possible, however, that
these GRB progenitors have a smaller envelope pressure than we
have assumed (1.8x1021 < pa < 1.8x1023 erg cm−3). Either
one of these possibilities, however, may say something about the
progenitor and/or its environment.
Remembering the pressure in the jet scales as Lj/θ2j and the
minimum luminosity to launch a jet scales as θ j , we can speculate
that this correlation arises naturally in a massive star progenitor
scenario. Successfully launched jets may sit at a base value of the
pressure balance condition (otherwise they may be swallowed by
their cocoons), but necessarily satisfying the minimum luminosity
condition. The location of the data points in Figure 1 seems to
suggest the jet launch condition plays a larger role in producing this
correlation. Ultimately, then, this correlation reflects the successful
jet launch condition - only jets with high luminosities can have wide
opening angles. This correlation might also be explained if those
lGRBs with higher luminosity have higher internal energy in the
jet and undergo more sideways expansion such that a wider jet is
MNRAS 000, 1–10 (2019)
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measured at the time of the afterglow “jet break” (we discuss this
further below).
4 BEAMING ANGLE COLLIMATION AND EVOLUTION
If the anti-correlation between beaming angle and redshift is
indeed physical, we would like to understand what determines the
observed jet opening angle and how it could evolve through cosmic
time - i.e. its relationship to fundamental progenitor properties.
Before we discuss the nature of the beaming angle evolution,
however, we need to consider whether selection effects may be
playing a role in producing the relationship between beaming angle
and redshift. Many of these issues have been addressed in detail in
Lloyd-Ronning et al. (2019b). However, we may still ask whether
we are missing a fraction of low luminosity GRBs at high redshift
due to detector sensitivity limits. Such a selection effect against a
low luminosity, high redshift GRBs would lead to a corresponding
lack of low luminosity, low jet angle data points (according to the
relationship between Lγ and θ j ). Adding these to our sample - if
indeed they are there and we are simply not seeing them - would
therefore strengthen the anti-correlation between jet opening angle
and redshift. That is, if luminosity is correlated with jet opening
angle (as appears to be the case according to the discussion in §3
and Figure 1), missed low luminosity GRBs at high redshift would
have on average smaller opening angles. This would then place
more low opening-angle GRBs at high redshift, strengthening
our correlation. Therefore, we do not believe this observational
selection effect is playing a large role in producing the θ j − (1 + z)
correlation. The other possibility is that we are missing a fraction
of large opening angle GRBs because the jet break occurs too late
in the afterglow light curve to be detected. This may be the case,
but - again - these lGRBs with larger opening angles should have
larger average luminosities according to the Lγ − θ j relationship
discussed in §3, and are less likely to be missed by the detector
(relative to low luminosity lGRBs); therefore we don’t expect this
is playing a significant role in artificially producing the θ j − (1+ z)
anti-correlation either.
Besides observational selection effects, there are a number of
issues to consider when attempting to understand the nature of the
jet opening angle:
– How the jet launching mechanism affects the initial jet opening
angle. For example, in a Blandford-Znajek framework, one should
consider how the spin of the black hole and magnetic field geometry
serve to constrain the angle of the outflow. Naively, for example,
one might expect a higher black hole spin could serve to wind the
magnetic field more tightly and lead to a more collimated jet.
– How the stellar density profile and jet cocoon (Ramirez-Ruiz
et al. 2002) structure will serve to collimate the jet.
– The sideways expansion of the jet once it breaks out of the star.
– How the angular structure of the jet plays a role in estimates of
the jet opening angle.
The first issue is a complicated question and is best investigated
with detailed GRMHD simulations of black hole-disk-jet systems
(Hurtado et al., in prep). Our focus in this paper is on the second
issue. However, we briefly address the third and fourth issues below.
On Sideways Expansion
It is important to consider what the inferred lGRB beaming
angle actually reflects. When the outflow velocity of the jet is
decelerated to a point where relativistic beaming (∼ 1/Γ) is on
the order of the physical jet opening angle θ j , photons are able to
escape “sideways” and a steepening of the light curve will occur
(Rhoads 1997, 1999). For a uniform jet, the temporal behavior
of the jet Lorentz factor decelerating in a constant medium is
Γ(t) ∝ (E/n)1/8t−3/8, so that θ j ∝ (E/n)−1/8t3/8b , where tb is the
time of the jet break. Therefore, a break in the afterglow light curve
gives an estimate of the jet solid angle at the time of this observed
jet break. If the jet has undergone significant sideways expansion,
then this opening angle is not an accurate reflection of the true
opening angle of the jet as it emerged from the star/progenitor.
Several numerical simulations have examined this problem
and shown that the jet does in fact not undergo significant sideways
expansion, so that it is not unreasonable to take the opening angle
at breakout to be the asymptotic jet angle (Mizuta & Aloy 2009;
Tchekhovskoy et al. 2010; Aloy et al. 2018). In other words, in many
cases the jet is “ballistic” and the estimated jet opening angle can
be considered a decent estimate of the true jet opening angle.
However, Zhang et al. (2003) find a jet can undergo some
amount of sideways expansion when it emerges from the stellar
envelope if it has high enough internal energy. In addition, Mor-
sony et al. (2007) run FLASH simulations of GRB jets propagating
through stars. In particular, they consider a star of low metallicity
(1% solar), with an initial mass of 16M , a final mass of 13.95M
and a final radius of 4x1010cm. They use a stellar density profile of
ρ ∝ r−2.5 and an equation of state of p = poρ4/3 (i.e. ultrarelativis-
tic), ensuring pressure in the star is small compared to ρc2. They find
the jet goes through three phases - a wide opening angle precursor
phase, a shocked phase with a narrow opening angle (while in the
stellar envelope, being collimated by the stellar envelope), and then
an unshocked phase where the jet opening angle increases logarith-
mically in time (after break out). Finally, Tchekhovskoy et al. (2010)
found, using GRBHMD simulations of magnetically launched jets
that achieve the necessary (observational) constraint of θ jΓ ∼ 20,
that - except during an initial short acceleration phase - their jets
show little sideways expansion after breakout.
In what follows, we assume the measured opening angle
at the time of the break in the afterglow light curve is a decent
approximation of the opening angle at breakout (or at least scales
with the opening angle at breakout in a uniform way among all
GRBs).
On Angular Energy Distribution vs. Jet “Opening Angle”
Another thing to keep in mind when considering jet “opening
angle”, is the angular energy distribution in the jet. This point is
addressed in detail in Mizuta & Aloy (2009), who examine this dis-
tribution, dE/dΩ, for different stellar envelope models (taken from
Woosley & Heger (2006)). Assuming the same mass, momentum
and energy fluxes for all of their models, they find that the angular
energy distribution decays more steeply for lower mass progeni-
tors than high mass ones. This is because, they argue, the average
density of the progenitor grows approximately with mass, and as
the mass (density) of the progenitor increases it leads to a slower
jet propagation speed inside the star. They suggest that jet slower
speed allows for thicker, hotter cocoons to develop and therefore a
broader range of dE/dΩ. In what follows below, we assume a rela-
tively steep angular decay for the jet energy distribution so that the
“opening angle” refers to the angle in which most of the jet energy
is concentrated.
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64.1 Jet Collimation by the Stellar Envelope
There are a number of factors that come into play when considering
whether a jet is collimated by its stellar envelope/cocoon system.
These are discussed in detail in Matzner (2003) and Bromberg
et al. (2011) among others. As discussed in §3, these works
address the necessary conditions for collimation as a jet propagates
through a stellar envelope and forms a cocoon (which ultimately
serves to collimate the jet, Ramirez-Ruiz et al. (2002)). Their
analytic estimates consider mildly to non-relativistic jet heads -
as Bromberg et al. (2011) points out, if the head velocity exceeds
a certain limit, the cocoon pressure will be too low to collimate
it (as they show, this occurs when Lj/(h2ρac3) ≈ θ5/3o ). This
corresponds to a jet head Lorentz factor of Γh ≈ θ−1/3o , which is at
most mildly relativistic.
Numerical simulations that examine the extent of collimation
can be found in Zhang et al. (2003); Mizuta et al. (2006); Morsony
et al. (2007); Tchekhovskoy et al. (2010), all with similar general
trends. Zhang et al. (2003) find a jetwith an initial half opening angle
of 20 degrees propagating through a low metallicity massive star
emerges with an opening angle of about 5 degrees. Tchekhovskoy
et al. (2010) suggest a relationship between the jet opening angle and
stellar radius based on their GRMHD simulations of magnetically
launched jets. In particular, they find the scaling θ j ∝ (1/R)0.22.
However,we caution that this relationship could arise by design from
the way they defined the wall of their jet as input (e.g. their equation
1). Finally, we note that Nagakura et al. (2014) and Hamidani et al.
(2019) have examined this problem in the case of a DNS merger
scenario. They also find significant jet collimation by the ejecta
from the merger. The latter in particular consider the ejecta velocity
and its effect on collimation (see their Appendix C). These results
suggest a general trend toward greater collimation, the longer the
jet remains in the star (provided the envelope-cocoon system has
enough pressure to collimate).
We would like to get a basic intuition about the extent of the jet
collimation by the stellar envelope, and understand how it compares
in the context of different progenitor scenarios. There are several
ways to approach this but as a first step we can simply compare
estimates of the energy densities in the cocoon and jet. The cocoon
pressure can be estimated by pc = ρa(βcc)2, where βc is the
velocity of the cocoon; the jet energy density is given by Lj/(Σjc),
where Σj ∼ piθ2j h2 is the jet cross sectional area. In that case, we
find the jet opening angle scales as:
θ j ∝ L1/2j ρ
−1/2
a h
−1. (6)
Again, a key parameter in understanding the jet collimation is
the stellar density profile. Given that ρa = ρ¯(h/R)−α (Matzner &
McKee 1999), where 2 . α . 3, ρ¯ is the average stellar density,
and considering the jet angle at breakout (i.e. h = R), we find:
θ j ∝
(
Lj
ρ¯R2
)1/2
(7)
We can also use the formalism of Morsony et al. (2007) to
estimate the degree of jet collimation as it travels through a stellar
envelope. Considering the ram pressure due to the deflection of
a jet by the boundary layer, and under the condition of a narrow,
relativistic jet, they arrive at an expression for the jet opening angle
as it propagates through the star:
θ j =
2θo
2 + Kθo(h2 − h2o)
(8)
where K = cpipc/Lj , h is the height or distance from the jet launch
radius and ho is the initial height of jet launch (note they use the
variables z and zo), and θo is the initial jet opening angle (at height
ho). This equation indicates, as expected, that the farther the jet has
to travel through the star, the more it is collimated. If we consider
h ∼ R >> ho and KθoR2 >> 2, then we find:
θ j ∝
(
Lj
ρ¯R2
)
(9)
This gives a stronger dependence on average density compared
to our simple comparison of energy densities (equation 7).
Nonetheless, as with equation 7, it points to the direct relation-
ship between jet luminosity and opening angle (as discussed
in §3) and the inverse relationship between average ambient
density and jet opening angle - i.e. that denser stars collimate
jets more. In what follows, we focus on θ j ∝ (1/ρ¯)1/2, but
we stress the qualitative behavior and results remain the same
whether we use equation 7 or the stronger dependence in equation 9.
4.2 Cosmological Evolution of Jet Opening Angle
Given equation 7 (or 9) above, we can ask whether the jet opening
angle dependence on Lj , ρ¯, and/or R might lead to cosmological
evolution of this quantity. We have already shown (Lloyd-Ronning
et al. 2019a) that the gamma-ray emitted luminosity Lγ(∝ Lj ) is
not correlated with redshift. Average density, however, is expected
to evolve as both the IMF and metallicity evolve throughout cosmic
time. We can estimate how the average density, ρ¯ ∼ M/R3, changes
with progenitor properties (e.g. mass, radius, metallicity), and how
these quantities are interrelated.Massivemain sequence stars follow
a mass-radius relation R ∝ M∼0.6−0.8 (Demircan & Kahraman
1991), although a number of things can complicate this question,
like the presence of convection, magnetic fields, etc.. Therefore
numerical models of massive stars can be used to estimate the
average density for various progenitors. Mizuta & Aloy (2009) have
done this and show - using the models of Woosley & Heger (2006)
- that the average stellar density for massive stars scales roughly as
the stellar mass.
In that case (i.e. assuming average density scales roughly as
mass and depends only weakly on radius) we find
θ j ∝ [Lj/M]1/2 (10)
This suggests that progenitor mass evolution could be the
underlying cause of lGRB beaming angle evolution. Consider the
effects of an evolving IMF as suggested in van Dokkum & van
der Marel (2007); Davé (2008); Wang & Dai (2011); Marks et al.
(2012) and others, and recently Leja et al. (2019), who discuss
evidence for a top-heavier IMF at higher redshifts. If average stellar
density is indeed roughly proportional to stellar mass for high mass
stars, then we expect higher mass stars to collimate the jet more.
If, in addition, this density evolves with redshift according to the
evolution of the characteristic mass of the IMF, then stars at higher
redshift will more strongly collimate GRB jets, leading to the
observed anti-correlation between jet opening angle and redshift.
Davé (2008) proposed an evolving initial stellar mass func-
tion, where the characteristic or break mass evolves according to
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Figure 2. Jet opening angle vs redshift. The dashed black line and purple region show the best fit to the data, θ j ∝ (1 + z)−0.75±0.2. The cyan region shows
the expected relationship between θ j and (1 + z) assuming that collimation of the jet is related to the average density of the star as θ j ∝ (1/ρ¯)1/2 and that
the average stellar density evolves with redshift, bounded by (1 + z)−0.5 (upper green line) and (1 + z)3.0 (lower magenta line). The dash-dot lines show the
expected redshift dependence for θ j ∝ (1/ρ¯)
Figure 3.Models of average stellar density as a function of redshift that may
contribute the the anti-correlation between jet opening angle and redshift.
The dark shaded region shows the required density evolution to reproduce
the best fit line to the data (θ j ∝ (1 + z)−0.75±0.2), assuming θ j ∝ (1/ρ)1/2.
m˜ ∼ 0.5(1+ z)2M (see also Davé (2011)). Using equation 7 above,
this would lead to a jet opening angle dependence θ j ∝ (1 + z)−1,
consistent with the observed correlation. Figure 2 shows the jet
angle-redshift relationship resulting from density (or mass) evolu-
tion ranging from ρ¯ ∝ (1 + z)0.5 up to ρ¯ ∝ (1 + z)3 (shown in
Figure 3).
This of course ignores various underlying relationships be-
tween lGRB properties (and their dependence on progenitor type).
For example, if higher mass stars tend to produce more luminous
jets, this will mitigate the effect of the higher average stellar den-
sity collimating the jet more (although we stress again we found no
correlation between Lγ and redshift). In addition the relationship
between progenitor type and the underlying jet launch - intimately
connected to the angular momentum and magnetic flux of the sys-
tem - is also not considered. As discussed in §3, these issues really
require high fidelity simulations of the collapse and launch of a
jet under a wide range of conditions; we explore this in a future
publication (Hurtado et al., in prep).
Finally, we have assumed a weak dependence of average den-
sity on stellar radius in our discussion above. Consider the pre-
vious section which pointed out that, on average, the longer a jet
spends in the stellar envelope environment the more it will be col-
limated. Therefore, higher radii stars (provided their envelopes are
MNRAS 000, 1–10 (2019)
8dense enough) would be expected to have more collimated jets (see
§4.1). Stars with more mass will have somewhat larger radii and so,
naively, again we are led to the conclusion that higher mass (pre-
sumably low metallicity) stars at higher redshifts will lead to more
collimated jets, consistent with the θ j −(1+ z) anti-correlation. And
indeed, if we use empirical mass-radius relationships for massive
stars, M ∝ R∼0.7, we find that the jet opening angle depends on
stellar radius as θ j ∝ (1/R)∼0.2−0.4. Note this is similar to the rela-
tionship between θ j and R reported in Tchekhovskoy et al. (2010).
5 CONCLUSIONS
We have investigated the nature of the observed anti-correlation
between long gamma-ray burst jet opening angle and redshift. We
suggest that high redshift stars producing lGRBs have higher aver-
age density and are able to collimate a GRB jet more effectively.
Higher density stars at high redshift are expected in an evolving IMF
scenario, and the θ j −(1+ z) correlation is consistent with the quan-
titative form of some proposed IMF characteristic mass evolution,
under the assumption that average stellar density is proportional to
mass for lGRB progenitors. Therefore, we assert that beaming an-
gle evolution is a result of progenitor mass evolution in a collapsar
scenario for lGRBs. Additionally, these higher mass stars will be
slightly larger in radii (for a given metallicity) and therefore the jet
will spend more time in the stellar envelope being collimated (thus
emerging with a narrower opening angle). In summary:
• We examine the luminosity conditions for collimation and suc-
cesful jet launch in a massive star progenitor and find the former
is easily met, while the latter is met if we assume the gamma-ray
radiative efficiency is low for some lGRBs (or, alternatively, that the
stellar pressure is lower than what we’ve assumed). We find a strong
correlation between gamma-ray luminosity and jet opening angle
in the data, with Lj ∝ θ1.5j . We suggest this is a natural selection
effect - only the most luminous GRBs are able to launch jets with
wide opening angles.
• Jet opening angle at breakout is inversely proportional to the
average stellar density, θ j ∝ (1/ρ¯)β , with β between 1/2 and 1. We
suggest the anti-correlation between jet opening angle and redshift
can be explained if the average stellar density evolves with redshift
as ρ¯ ∝ (1+ z)∼2±1. This is in line with the proposed evolution of the
characteristic mass of the IMF (Davé 2008), if we can assume that
density is roughly proportional to mass (i.e. has a weak dependence
on radius), as has been shown for high mass stars Mizuta & Aloy
(2009). In this case, and taking β = 1/2, we canwrite the jet opening
angle as θ j ∝ (Lj/M)1/2.
We have focused on exploring the beaming angle evolution in
the context of a jet propagating through a massive star envelope
We have interpreted our results in the context of average stellar
density as it relates to stellar mass and radius. As discussed in §2.2
and throughout the paper, metallicity plays an important role in its
connection to the mass and stellar structure of the lGRB progenitor.
Besides the trend of a larger population of higher-mass, lower-
metallicity stars at high redshift, Mizuta & Aloy (2009) suggest that
the cocoon is more narrowly collimated in lower metallicity stars,
because of the steep drop off in density outside the surface (see their
Figure 1) compared to higher metallicity stars (their Figure 2). This
steep drop off allows for low-metallicity jets to be more ballistic and
would therefore also lead to a narrower measured jet opening angle.
A very important implication of the cosmic evolution of lGRB
jet opening angle is that this relationship significantly affects the
rates of lGRBs as a function of redshift, with potentially many
more GRBs at high redshifts than current estimates indicate. That
is, a smaller opening angle at higher redshift implies that a smaller
fraction of lGRBs are observed. Thus, the lGRB rate at high redshift
may be substantially underestimated in the standard models that
assume a single, non-evolving jet opening angle - possibly up to an
order of magnitude underestimate of the GRB rate at the highest
redshifts (see Figure 7 of Hopkins & Beacom (2006) who show
rate densities of core-collapse supernovae out to high redshifts for
different IMFs). This also supports the suggestion that the IMF is
more top-heavy at higher redshifts, as it implies a larger fraction of
the total stellar mass is in massive GRB progenitor stars at higher
redshift. Future missions such as THESEUS (Amati et al. 2019),
with potential to detect GRBs out to a redshift of 12, may help us
test these suggestions and perhaps more definitively determine the
relationship between the GRB rate and star formation rate.
As discussed in §2, the anti-correlation between jet opening
angle and redshift may also be explained a number of other ways for
a given progenitor, including through a dependence on the amount
of angular momentum retained in the star as it forms a GRB, the
magnetic field geometry, and other details of the jet launching
mechanism. Additionally, we might account for the observed
beaming angle evolution if different progenitor systems are be
dominating the population at different redshifts - for example,
Mizuta & Aloy (2009) find that collapsar jets are more narrowly
beamed than jets from mergers which might indicate that collapsars
are dominating the progenitor distribution at high redshift while
binary scenarios dominate at low redshift. The different rates of
possible lGRB progenitors (e.g. Table 1 of Levan et al. (2016))
and their distinct signatures as a function of redshift are important
questions that should be understood if we are to understand the
observations of the global lGRB population. We speculate that the
scatter we see in the θ j − (1+ z) correlation could be a consequence
of this (different progenitors) in addition to variation among
properties of single progenitor type. We explore this further in an
upcoming publication (Aykutalp et al., in prep).
Finally, wemention that Lloyd-Ronning et al. (2019b) also sug-
gested there exists an anti-correlation between the intrinsic prompt
duration and redshift. This trend was also seen in a radio bright
sub-sample of energetic long GRBs, but not in a radio dark sample
(Lloyd-Ronning et al. 2019c), hinting at the possibility of a progen-
itor signature/effect. Intrinsic duration of the prompt emission is a
reflection of the lifetime of the disk, which in turn reflects the mass
and accretion rate of the disk (although a number of external effects
can affect this duration by up to a factor of two or so, e.g. Gao &
Mészáros (2015)). Again, all of these things relate to fundamental
properties of the progenitor system, and should be understood in
the context of lGRB progenitor models. As observations and simu-
lations of these systems improve, we can test our understanding of
these trends, with the hope of learning something truly fundamental
about the lGRB progenitor.
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